We created a hepatic failure pig model that was suitable for the assessment of cell therapies, such as hepatocyte transplantation and bioartificial livers, using a laparoscopic surgical technique. In our model, all of three hepatic arteries were resected, 5, 7.5, or 10 ml of carbon tetrachloride (CCL 4 ) was injected into the liver through the portal vein, and subsequently the portal vein was mechanically occluded for 30 min. After the portal occlusion was released, a liver biopsy was performed, and then the surgery was completed. Blood samples were regularly taken during the surgery in order to perform biochemical examinations. All of five pigs in which 5 ml of CCL 4 was infused recovered spontaneously and survived; in contrast, all of five pigs that received 10 ml CCL 4 died within 1.5 h after surgery. The pigs in which 7.5 ml CCL 4 was administered developed liver failure and survived for 6.4 h on average (±1.4 SD). Induction of liver failure with the use of 7.5 ml CCL 4 and 30-min hepatic ischemia fulfilled five of the six criteria that were proposed by Terblanche and Hickman: reversibility, reproducibility, death from liver failure, a therapeutic window, and a largeanimal model. We believe that our model is the first report on creation of a reliable model for liver failure in pigs to assess the efficacy of liver-targeted cell therapies.
INTRODUCTION
ders, and sepsis. Therefore, treatment is very complicated. Plasma exchange and hemodialysis have now become standard treatments for liver failure, but the life-saving Development of treatments for hepatic failure has become a social issue throughout the world. Etiologies of rate of these therapies is still low, and the most effective treatment is orthotopic liver transplantation (1, 2, 21) . In hepatic failure include hepatitis virus infection, acetaminophen-induced poisoning, graft malfunction after Japan, liver transplantation has been actively performed at various facilities, and the outcomes thereof have re-liver transplantation, etc. (3, 14) . The liver is the largest parenchymatous organ in the human body, and it has a cently been improving. Nevertheless, the reality is that many patients die without undergoing liver transplanta-wide variety of functions, including: the metabolism of carbohydrates, protein, and fat; bilirubin metabolism; tion due to a shortage of organ donors. In addition, liver transplantation is an effective treatment method, but it metabolism of drugs; and the production of blood coagulation factors. The liver has hundreds of functions has problems such as side effects due to the long-term administration of immunosuppressants to prevent graft (when including unknown functions) that play important roles within living organisms. The liver is an organ that rejection. Therefore, with the recent development of tissue engineering, liver support systems such as a bioarti-has an abundant regenerative capacity, but fulminant hepatic failure causes multiple complications and is a very ficial liver (BAL) have been focused on and studied (4) (5) (6) (7) 10, 12, 15, 19, 22) . We have made great efforts to serious disease that develops rapidly and has a high mortality rate (8) . Because of the diversity of its functions, construct a BAL device and new cell sources for BAL (12, 17) . the liver manifests complicated pathological conditions during hepatic failure, which causes hepatic encephalop-In order to evaluate the safety, functionality, and technical problems of a newly developed BAL as a pre-athy, decreases in coagulation factors, breathing disor-liminary step toward performing clinical trials on hu-ated using carbon dioxide. The abdominal air pressure was maintained at 8 mmHg. A 10-mm port was placed mans, appropriate animal models are highly required. To create a hepatic failure model, surgical methods and in the medial upper abdominal region, and 5-and 10mm ports were inserted in the right upper abdominal drug administration have mainly been utilized (9, 11, 18, 20) . However, the creation of a completely satisfactory region and the left abdominal region, respectively, to start the laparoscopic surgery. First, the common bile hepatic failure model has not yet been achieved. Not only is the liver damaged by drug injection, but also duct was identified and dissected to be free from the surrounding tissues ( Fig. 1A) . Next, the right, middle, lung and kidney damages develop as problems in a hepatic failure model induced by the systemic administra-and left hepatic arteries were dissected and resected using ultrasonic coagulation shears (Harmonic Scalpel, tion of drugs. Surgical procedures can be classified into three types: partially hepatectomy, total liver isolation, Ethicon Endo-Surgery, Tokyo, Japan) ( Fig. 1B) . While paying attention not to damage the splenic vein, a main and ischemia. However, all of these models have the problem that invasive surgery is applied (13, 16 ). There-trunk of the portal vein was dissected and exposed. Both wings of a 24-gauge butterfly needle were cut to re-fore, in this study, we have created a model that develops damage targeted only to the liver with a minimally move, and by making a puncture with this modified needle in the portal vein carbon tetrachloride (CCL 4 ) was invasive manner by adopting a laparoscope.
infused into the whole liver ( Fig. 1C ). Thereafter, 5,000 MATERIALS AND METHODS units of heparin (Sankyo. Co. Ltd.) was administered IV Experimental Animals and 3 min later the portal vein was mechanically clamped with a forceps for 30 min (Fig. 1D ). The ap-Landrace female pigs (JA West of Okayama, Okaypearance of the liver changed from fresh red to unama, Japan), weighing 24.8 ± 3.79 kg, were used in this healthy white ( Fig. 1E ). After the clamp of the portal study and experiments on animals were performed at the vein was released, cholecystectomy was laparoscopi-Department of Animal Resources in the Okayama Unically performed (Fig. 1F ) followed by a liver biopsy versity Advanced Science Research Center. All proce- (Fig. 1G ). The surgery was finished after washing the dures were within the guidelines for humane care of lababdominal cavity with 500 ml saline solution and conoratory animals and approved by the Okayama University firming the absence of bleeding. As the surgery was Institutional Animal Care and Use Committee.
completed, the administration of sevoflurane and dini-Anesthesia trogen monoxide was discontinued, and ventilation was performed using oxygen (6 L/min) until the animal As premedication, 10 mg/kg of ketamine hydrochloawoke from anesthesia. After confirming the presence ride (Sankyo Co., Ltd., Tokyo, Japan) and 0.5 mg atroof sufficient spontaneous breathing of the pigs, the intrapine sulfate (Sankyo Co., Ltd.) were intramuscularly intracheal tube was removed. Otherwise, ventilation was jected. Then 5 mg/kg of thiamylal sodium (Nichi-Iko continued. Pharmaceutical Co., Ltd., Tokyo, Japan) and 2 mg pancuronium bromide (Nippon Organon K.K., Tokyo, Japan)
Biochemical Analysis were administered IV via a vein in the ear. All four Blood was drawn regularly in order to measure biolimbs were fixed to a surgical table, and the body was chemical features of the pigs, such as total bilirubin (Tpositioned in the dorsal position. An intratracheal tube Bil), aspartate transaminase (AST), ammonia (NH 3 ), lacof 8.0 Fr was inserted for mechanical ventilation using tate dehydrogenase (LDH), alkaline phosphatase (ALP), inhalation anesthesia with 1% sevoflurane (Maruishi γ-glutamyl transpeptidase (γ-GTP), and creatinine. Pharmaceutical Co., Ltd., Tokyo, Japan) and oxygen/nitrous oxide mixed gas (3 L/min each). The tidal volume
Monitoring of Hemodynamic Status of the Pigs was 250 ml, and the ventilation frequency was 20 times/ Hemodynamic parameters, including heart rate, body min. After an external jugular vein in the right neck was temperature, and central venous, systolic, and diastolic exposed surgically, an atom multipurpose tube (8 Fr, arterial pressures were continuously monitored using a Atom Medical International, Inc., Osaka, Japan) was inbiomedical research system LEG1000 (Nihon Kohden serted at 10 cm to the proximal center, tied up twice, Co., Tokyo, Japan) during the experiments. and fixed. During the surgery, Ringer's solution (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan) was adminis-Histological Assessment tered at 200 ml/h via drip infusion.
Liver biopsies were regularly performed before the Surgical Procedures induction of hepatic ischemia, after the administration of CCL 4 , at the time of release of a 30-min portal venous After a 10-mm longitudinal incision was made in the subumbilical region to open the abdominal cavity, a 10-clamp, and at 6 h after CCL 4 administration. The samples were fixed with 20% formalin, embedded in paraf-mm port was inserted, and pneumoperitoneum was initi- fin, and processed for staining with hematoxylin and eo-ment in these parameters was observed and then they completely became normal levels on day 6 after surgery. sin (H&E). TUNEL staining (In Situ Cell Death Detection Kit, Fluorescein, Roche) was performed to identify the All five animals recovered from the procedure and survived. On the other hand, a rapid elevation of T-Bil, apoptotic cells and their localization according to the manufacturer's protocol. Autopsies were performed in AST, LDH, and ALP was observed in pigs Nos. 11-15, in which 10 ml CCL 4 was applied. All animals died all pigs at the time of spontaneous death or sacrifice. within 2 h after the release of the portal venous occlusion. In pigs Nos. 6-10, in which 7.5 ml CCL 4 was RESULTS infused, as in the case of pigs Nos. 11-15, elevation of Biochemical Parameters Indicated the Progress T-Bil, AST, NH 3 , LDH, and ALP was detected after of Liver Failure in the Pigs CCL 4 administration and the portal vein occlusion in a time-dependent manner. No elevation of GTP was ob-In pigs Nos. 1-5, in which 5 ml CCL 4 was administered, T-Bil, AST, LDH, and ALP reached peaks 4 h served, which indicated the proper preservation of the common bile duct during the surgery. Creatine in the after CCL 4 injection (Fig. 2) , but afterwards an improve- blood did not show a significant level of elevation. The gram in pigs Nos. 6-15 was in parallel with that in arterial blood pressures (Fig. 3A) . findings suggested the maintenance of normal kidney function of the pigs.
Survival Time Hemodynamic Status Reflected the Progress of Liver
All of five pigs in which 5 ml CCL 4 was injected Failure in the Pigs fully recovered and survived; in contrast, all pigs with 10 ml CCL 4 administration died of multiple organ fail-In pigs Nos. 1-5 receiving 5 ml CCL 4 injection, ures within 1.5 h after the surgery. The survival of the blood pressures were relatively stable after the surgery;
five pigs receiving 7.5 ml CCL 4 was 8.0, 4.5, 7.5, 5.0, in contrast, immediately after 30-min portal venous ocand 7.0 h, respectively, with a mean value of 6.4 ± 1.4 clusion sudden decrease in blood pressures was obh ( Fig. 3B ). served in all of the pigs with portal administration of 10 ml CCL 4 (Nos. 11-15), thus resulting in death. Pigs Pathological Findings Nos. 6-10 receiving 7.5 ml CCL 4 showed relatively stable blood pressures for the first 5-6 h after CCL 4 injec-With H&E staining after the portal vein clamp had been released, the infiltration of inflammatory cells into tion and then blood pressures decreased suddenly, leading to death (Fig. 3A) .
the sinusoid, the corruption of hepatic cords, centrilobular pyknosis, the disappearance of nuclei, a difference in There were no abnormal signs in the electrocardiogram in pigs Nos. 1-5. The change in the electrocardio-the size of hepatocytes, and swelling were all detected, and centrilobular hepatopathy subsequently developed capacity of regeneration of the damaged liver, transient hepatic supports buy time to allow the liver to recover (Fig. 4A ). About 6 h later, the range of necrosis expanded, and extensive hemorrhaging was detected (Fig. in some of the patients. Therefore, studies on a BAL therapy as a temporal support during liver insufficiency 4B). TUNEL staining showed TUNEL-negative results immediately after the portal vein occlusion was un-are now being actively performed around the world. For the construction of an efficient BAL therapy, it is blocked, but TUNEL-positive cells were detected around the portal vein about 6 h later (Fig. 4C, D) . On the other essential to develop a large-animal model that presents pathological conditions that are similar to those of he-hand, no significant abnormalities were detected in either the lung or kidneys (Fig. 4E, 4F) .
patic failure in humans.
In this study, we attempted to create a hepatic failure DISCUSSION model in pigs with minimal invasiveness by adopting a laparoscopic surgical technique. In the preliminary study, Fulminant hepatitis is a pathological condition in which widespread necrosis of normal liver is caused we laparoscopically induced total hepatic ischemia by resecting all three hepatic arteries and subsequent clamp-within a short period due to hepatitis virus infection, drug allergy, autoimmune hepatitis, etc., and hepatic fail-ing of the main trunk of the portal vein for 30 min to 2 h. The animals showed elevation of hepatic enzymes ure symptoms such as progressive jaundice, hemorrhagic tendency, and psychoneurotic symptoms (hepatic such as AST and LDH, but these biochemical parameters returned to normal levels until 3 days after the sur-encephalopathy) appear. In Japan, this is defined as 'hepatitis in which the prothrombin time decreases to gery. All five pigs spontaneously recovered without showing severe hepatic failure. Therefore, after several less than 40% within 8 weeks after the first symptom appears and hepatic encephalopathy with a coma scale considerations, we focused on an intraportal infusion of CCL 4 after hepatic arterial resection and 30-min clamp of at least II develops," and it is classified as an acute form with such a period of up to 10 days and a subacute of the portal vain. All of these procedures were successfully conducted within 90 min with small incisions un-form with a period of 11 days or longer. Therapies for hepatic failure include the treatment for etiology and in-der laparoscopy.
Regarding the criteria for hepatic failure animal mod-hibition of the progress of hepatic necrosis. CHDF and HDF are currently performed in clinical settings as part els, we attempted to fulfill as many as possible of the the following six criteria proposed by Terblanche and of liver support therapy, wherein mannitol is used to prevent cerebral edema. Liver transplantation is a stan-Hickman (18): 1) reversibility; 2) reproducibility; 3) death from liver failure; 4) a therapeutic window; 5) a dard therapy for liver failure, but considering the active these animals (pigs Nos. 6-10), it was found that first centrolobular necrosis developed by hepatic arterial is-The pigs in which 10 ml CCL 4 was intraportally infused died within 1.5 h, which did not fulfill one of the essen-chemia and that hepatocelluar damage was caused by CCL 4 administration and thereafter apoptosis was in-tial criteria propounded by Terblanche and Hickman (18)-that of a therapeutic window. In addition, the pigs duced in peripheral areas of the portal vein. Therefore, in 7.5 ml-CCL 4 model, it was determined that five of with 10 ml CCL 4 developed bloody discharge from the intratracheal tube 1 h after CCL 4 administration. Au-the six criteria proposed by Terblanche and Hickman (18) were fulfilled: reversibility, reproducibility, death topsy of these animals showed severe pulmonary hemorrhage in addition to liver damage. Thus, the use of 10 from liver failure, a therapeutic window, and a largeanimal model. ml CCL 4 to induce liver failure was not regarded as fulfilling one of the criteria-death from liver failure. On Administration of CCL 4 causes liver damage in pigs as well as in humans. Thus, it induces adverse effects the other hand, in the pigs receiving 7.5 ml CCL 4 light reflex disappeared 3 h after CCL 4 administration due to on the human body thorough the skin and inhalation. We avoided its effects by wearing surgical gloves, hepatic encephalopathy and autopsy of these animals showed normal architecture of other major organs, such masks, and gowns during the experiments to achieve minimal hazard to personnel. as lung and kidneys. All of 7.5 ml CCL 4 -administered animals died of The equipment used for laparoscopic surgery in this study was the same as that used for surgery in humans, liver failure. The blood levels of γ-GTP usually reflect the obstruction of biliary tract and damages with the bili-which enabled us to successfully perform a series of surgical techniques such as shearing of the hepatic arteries, ary capillaries. In these pigs (Nos. 5-10), γ-GTP levels were maintained at normal levels postoperatively, which occlusion of the portal vein, portal injection of CCL 4 , and cholecystectomy. We believe that our model is the was confirmed by the findings that the patency of the common bile duct was properly preserved by laparos-first report on creation of a reliable model for liver failure in pigs using a laparoscope and hope that the mod-copic surgery and thus resulting in maintenance of the bile-excreting pathway in our model. In the livers of els will be useful to assess the efficacy of cell thera- 
